Background: Leukocyte Immunoglobulin-like Receptor-1 (LIR-1) and LIR-2 (also known as ILT2 and ILT4 respectively) are highly related cell surface receptors that bind a broad range of class I MHC molecules with low (mM) affinities. Expressed on monocytic cells and macrophages, both molecules transmit inhibitory signals after binding ligands. In addition to binding host class I MHC, the LIR-1 molecule, which is also expressed on lymphoid tissues, binds with a high (nM) affinity to UL18, a class I MHC homolog encoded by Human Cytomegalovirus (HCMV). In comparison, LIR-2 binds UL18 only weakly (mM K D ). To understand how HCMV preferentially targets the more broadly expressed LIR-1 molecule, we determined the crystal structure of a ligand-binding fragment of LIR-2, and compared this to the existing high-resolution crystal structure of LIR-1.
Background
The Leukocyte Immunoglobulin-like Receptor (LIR) family (also called the ILT's, MIR's and CD85) comprises a set of immunoreceptors expressed on the surface of lymphoid and myeloid cells [1, 2] . Encoded from within the Leukocyte Receptor Cluster [3] (a region of human chromosome 19 which also encompasses the loci for the related Killer Inhibitory Receptor (KIR) and Leukocyte-Associated Immunoglobulin-like Receptor (LAIR) families), the LIRs are highly similar to one another (63-84% amino acid identity in the extracellular region). All except LIR-4 (which appears to encode a soluble molecule) encode type-1 transmembrane proteins, containing either two or four immunoglobulin superfamily (IgSF) domains in their extracellular regions. One subset of cell surface LIR molecules (LIR-1, -2, -3, -5, and -8) possesses Intracellular Tyrosine-based Inhibitory Motifs (ITIMs) in the cytoplasmic domain. Once phosphorylated, these sequences mediate association with intracellular SH2-domaincontaining phosphatases, permitting transmission of inhibitory signals to the effector cell. Another group (LIR-6, -7, ILT7, -8, -11) includes short cytoplasmic domains containing no known signaling motifs. These molecules have a charged amino acid (arginine) within their transmembrane regions, enabling them to transmit activatory signals by associating with the adaptor molecule FcÎRIg.
The best characterized members of the LIR family are LIR-1 (ILT-2) and LIR-2 (ILT-4), both of which are inhibitory receptors with four extracellular IgSF domains, and cytoplasmic ITIM motifs mediating association with the phosphatase SHP-1 [4] [5] [6] [7] . Both LIR-1 and LIR-2 bind to class I MHC molecules and are expressed on monocytes and dendritic cells [5] . However, unlike LIR-2, LIR-1 is also expressed on lymphoid tissues, namely all B-cells, as well as some T-cells and subsets of NK cells [5] . In vitro experiments in a range of immune effector cells, including monocytes, macrophages, dendritic cells and (for LIR-1) B-cells, have shown that upon cross-linking with antibodies, LIR-1 and LIR-2 can each abrogate activatory signals resulting in a potent inhibition of effector functions [5] [6] [7] . Similarly, engagement of class I MHC ligands by LIR-1 expressed on NK and T-cells has been shown to potently inhibit cytotoxicity [6, 8] .
Following the discovery that LIR-1 is the receptor for the Human Cytomegalovirus (HCMV) class I MHC homolog UL18 [4] , both LIR-1 and LIR-2 were shown to bind a broad range of endogenous class I MHC molecules [5] [6] [7] 9, 10] , with affinities in the micromolar (mM) range [11] . Domain-swapping experiments established that binding to both UL18 and class I MHC proteins is mediated by interaction between surfaces on the membrane distal (D1) domain of LIR-1 or LIR-2 and the a3 domain of either class I MHC or UL18 [11] . Despite the high sequence identity between LIR-1 and LIR-2 (82% in the extracellular region), and the similar mode and affinity of their interactions with endogenous class I MHC, the UL18 protein distinguishes effectively between the two receptors, binding LIR-1 with a nanomolar (nM) affinity, over 1000-fold more strongly than it binds to LIR-2 [11] . Recently, a crystal structure of the two membrane-distal domains of LIR-1 (D1-D2) indicated both similarities to and differences from the KIR receptor family [11] . A parallel mutagenesis study resulted in the identification of a group of residues on LIR-1 domain 1 that were proposed to form part of the binding site for UL18 [11] . In order to further investigate the structural features of the LIR family of immunoreceptors, and in particular the ability of UL18 to preferentially target the LIR-1 molecule, we determined the crystal structure of a ligand-binding fragment of LIR-2.
Results and Discussion

Production, characterization and crystallisation of LIR-2
The N-terminal two domains of LIR-2 (residues 1-197) were produced in a manner similar to LIR-1, by overexpression in E. coli, followed by purification from inclusion bodies, and renaturation by dilution refolding [11] . Sizeexclusion of refolded material ( Figure 1A ) indicated a peak of protein eluting before the 13.7 kDa marker protein, and subsequent SDS-PAGE analysis ( Figure 1B ) confirmed this contained predominantly one major band corresponding to the expected molecular weight of the LIR-2 D1-2 fragment (22 kDa). Under non-reducing conditions, this band migrated as one species of a higher mobility ( Figure 1B ), suggesting a single combination of disulphide bonds was formed during refolding. Peak fractions from the size-exclusion purification were collected, concentrated, and used directly for crystallization experiments. Initial trials yielded microcrystals, and following optimization of the conditions, streak seeding was used to grow single crystals of a size (approximately 0.16 mm 0 .16 mm ´ 0.05 mm) sufficient for data collection.
Crystal structure of LIR-2
The crystal structure of LIR-2 D1D2 was determined in the space group P4 1 2 1 2 to 1.8 Å by molecular replacement using the LIR-1 D1D2 structure [12] . Overall, the structure closely resembles that of LIR-1 in that it consists of two Iglike domains related by an approximately orthogonal angle, forming a highly bent structure ( Figure 2A ). As with LIR-1, each domain is composed primarily of b strands arranged into two antiparallel sheets, with a KIR-like folding topology, whereby the first strand of each domain forms hydrogen bonds to both the B and G strands, thereby bridging the two b sheets [12] .
The structure of LIR-1 D1D2 revealed helical regions interspersed with b structure in each of the two domains [12] . In particular, the region of each domain corresponding to the C' strand of KIRs contained some helical structure, a feature that was not observed in the related KIR and Fc-receptor families or other IgSF domains. In each domain, LIR-2 contains significantly less helical structure than LIR-1 in this C' strand region. In D1, a single helical turn displaying a 3 10 hydrogen bonding pattern is observed over residues 52-55, whereas the preceding region (residues 48-50) adopts a b-strand conformation as observed in KIR receptors [13] [14] [15] . In contrast, this entire region of LIR-1 D1 (residues 44-57) adopts a helical conformation, interrupted only by a proline at position 51 [12] . This change in topology is accompanied by a significant shift in the LIR-2 main chain relative to LIR-1 D1 over residues 48-50, a conformation stabilized by main chain hydrogen bonding with the C strand. Such an arrangement, with retention of the C' strand followed by a single turn of 3 10 helix, is similar to that observed in LIR-1 D2 [12] .
In the region corresponding to the C' strand of D2, topological differences from LIR-1 are also observed. The single turn of 3 10 helix observed in LIR-1 (residues 148-150) is absent in LIR-2. Instead, this and the adjacent D strand (151-153) are replaced by a region incorporating a hydrogen bonded turn. As a result of these rearrangements, the two structures differ substantially over residues 146-154 (equivalent to 147-155 in LIR-1), with a maximum Figure  2B ). The turn region is stabilized by two internal hydrogen bonds (between the carbonyl oxygen of His 149 and the main chain nitrogen of Gly 152; also between the side chain hydroxyl of Ser 153 and the carbonyl oxygen of Arg 155) and by four main chain hydrogen bonds to residues connecting the D2 B and C strands (Ser 123, Phe 127, Gly 128, Phe 130). This conformational change between the structures is unexpected as the two proteins are identical in sequence over this region, and most probably reflects the substantially different packing in the LIR-1 and LIR-2 crystals ( Figure 2C ). In the LIR-2 crystals, the 146-154 turn appears relatively unconstrained, packing loosely against the D1 domain of a neighboring molecule, and forming a single £ 3.6 Å contact from Pro 148 to Gln 27. In contrast, the analogous neighboring molecule is oriented differently in the LIR-1 structure, packing more closely, and forming direct contacts to the 147-155 region from both the D1 and D2 domains ( Figure 2C ). Furthermore, an additional D2-D2 crystal contact specific to the LIR-2 crystal appears to be incompatible with the LIR-1 conformation.
In contrast with these changes, regions of polyproline II helix observed in the F-G loop regions of LIR-1 are preserved in both LIR-2 domains. These left-handed helices are characterized by a three residue repeat and phi, psi angles near -75°, 145° [16] , and include the sequences WSELS (D1) and WSSPS (D2), both variations of the WSXWS sequence motif of haematopoietic receptors [17] .
In each case, main chain nitrogen and side chain serine hydroxyls in positions n and n + 3 form hydrogen bonds to the main chain of the F strand, a feature also observed for cytokine receptors [18] [19] [20] [21] , KIRs [13] [14] [15] and fibronectin III repeats [22] .
LIR-2 interdomain interface
LIR-2 maintains a similar interdomain angle to LIR-1 (88% versus 90% for LIR-1 in the same space group), consistent with conservation of the majority (8/13) of the interdomain contact residues. However, superimposition of the D1 domains of LIR-1 and LIR-2 reveals a slight lateral shift in the orientation of D2, such that residues at the tip of D2 distal to the interdomain interface are shifted by approximately 5 Å. The most significant amino acid change at the LIR-2 interface involves the introduction of a larger Met residue for Val at residue 94 (equivalent to residue 95 in LIR-1). This causes a reorientation of Trp 67 and an accompanying shift in the main chain of 2 Å at this position. The Ala to Thr alteration at residue 70 appears to stabilize this shift, by introducing a hydrogen bond between the Thr hydroxyl group and the carbonyl oxygen of Trp 67.
Conformational differences from LIR-1 in the UL18-binding region of domain 1
A mutagenesis study of LIR-1 identified residues in the membrane-distal tip of the A'CC'FG face of D1 as important for UL18-binding [12] . This region ( Figure 3A) is distant from the D1D2 elbow region that KIRs use to contact class I MHC molecules [13, 23] . Mutation of LIR-1 Tyr 38 to Ala reduced UL18 binding affinity by ~18-fold, and a triple mutant (Y76A/D80A/R84A) showed a similar (~20fold) reduction in affinity [12] . The analogous residues in LIR-2 (Tyr 38, Gln 76, Arg 80 and Trp 83) either exhibit an altered conformation, a different side chain, or both. Although Tyr 38 is conserved in both structures, the sidechain positions differ: in LIR-1, Tyr 38 is a solvent-exposed residue on the C strand, which points towards the D1 RSESS motif connecting the F and G strands and is within hydrogen-bonding distance of the hydroxyl oxygen of Ser 87 ( Figure 3B ). In LIR-2 the residue equivalent to Ser 87 is a leucine, and as a result Tyr 38 reorients such that it points towards the N-terminus of the C strand with its hydroxyl group within hydrogen-bonding distance of the amino group of Gln 76 ( Figure 3C ). The other residues implicated in LIR-1 binding to UL18 (equivalent to LIR-2 residues 76, 80, and 83) are located in the F to G turn (residues 76-84). In LIR-2, this region contains a one residue deletion relative to LIR-1, and two glycine to non-glycine changes (G78 and G83, corresponding to Y78 and R82 in LIR-2), and undergoes a significant conformational shift relative to LIR-1. Whereas this region protrudes from the A'CC'FG face of D1 in LIR-1, in LIR-2 it is oriented closer to residues 28-32 connecting the B and C strands ( Figure  3D ). In each case the conformation is stabilized by three main chain hydrogen bonds within the turn region, and for LIR-2 the shift is accompanied by an additional hydrogen bond between the carbonyl oxygen of Tyr 78 and the main chain NH group of Gln 33. The conformational shift in this region culminates at residue 80, where the Ca positions are greater than 11 Å apart ( Figure 3D ).
In LIR-1, the region identified as the UL18 binding site is involved in crystal contacts to a symmetry-related molecule [12] . Similarly, the 76-84 loop of LIR-2 is involved in crystal contacts to another D1D2 protein, although in LIR-2 contacts are made to residues on the F and G strands of the D2 domain of a neighbouring molecule, whereas in LIR-1 they are to the same UL18-binding surface on the D1 domain of the neighbouring molecule. Nevertheless, the fact that in each structure this region of the molecule is involved in crystal contacts, and the relatively large total surface area involved (810-870 Å 2 for LIR-1 and 877 Å 2 for LIR-2 compared to an average of 570 Å 2 for non-specific crystal contacts [24] ) may reflect the fact that this surface is well-suited to protein-protein interactions and is therefore used for both ligand binding and crystal packing.
Conclusions
The structure of LIR-2 D1D2 reported here closely resembles that of the highly related LIR family member, LIR-1. Both proteins are composed of two IgSF domains related by a nearly orthogonal angle to create a highly bent structure. The folding topologies of the two LIR-2 domains closely resemble their LIR-1 counterparts, although a reduction in helical content is observed in the LIR-2 domains. The D1-D2 interdomain angle is comparable to that of LIR-1 D1D2, in both cases being maintained by a set of conserved hydrophobic interactions at the interdomain interface.
Despite these similarities, the HCMV class I MHC homolog UL18 binds LIR-1 with an ~2 nM affinity, whereas UL18 binds LIR-2 with an ~14 mM affinity [12] . Furthermore, whereas a LIR-1 Fc fusion protein bound to cell surface UL18, no binding was observed between cell surface UL18 and a LIR-2 Fc fusion protein [25] . The structure of LIR-2 D1D2 reveals changes from LIR-1 in both domains, some of which could potentially provide a molecular ba- sis for this discrimination. One of the most obvious changes involves a conformational difference in the region of D2 residues 146-154, but the sequence of this region is conserved between LIR-1 and LIR-2 [25] , and the conformational change appears to be mediated by different intermolecular contacts in the LIR-1 and LIR-2 crystals. Consequently, while the two conformations observed may well indicate this region of the receptors displays a degree of flexibility in solution, it is unlikely to explain discrimination between LIR-1 and LIR-2 by UL18. In contrast, changes in D1 are more likely to significantly affect binding to UL18, since previous experiments suggest that D1 is the main site of interaction with UL18 (and class I MHC) [11] . Likely to be especially relevant are those changes observed in the predicted UL18-binding site, namely the reorientation of Tyr 38 and the 11 Å conformational change in the 76-84 region of the D1 F to G loop. Mutation of Tyr 38 to Ala reduced LIR-1/UL18 binding by ~18 fold [12] . In LIR-1, the hydroxyl oxygen of Tyr 38 is oriented towards the RSESS motif connecting the F and G strands, and hydrogen bonds to Ser 87. However, in LIR-2 a Ser to Leu change at this position forces a reorientation of the Tyr 38 side chain ( Figure 3B) , towards the N-terminus of the C strand, a conformation stabilized by hydrogen bonding to the amino group of Gln 76.
Another potentially important alteration in the UL18binding site is a conformational change in the 76-84 F-G loop, mutation of which reduced UL18 binding by LIR-1 by ~20 fold [12] . One notable feature of the LIR-1 and LIR-2 structures is that in each case the 76-84 loop is involved in crystal contacts, and thus the structure in the crystal could represent only one of many conformations occupied in solution. Nevertheless, the changes observed in this region evident in the LIR-1 and LIR-2 crystal structures may well reflect energetic preferences for distinct loop conformations. It is notable that the LIR-1 loop is one residue longer and contains two glycine residues ab- sent in the LIR-2 sequence, and therefore the LIR-2 loop may be considerably restricted in conformation relative to LIR-1. While amino acid differences in this loop could in themselves be sufficient to reduce UL18 binding, the main chain conformation adopted by LIR-2 might preclude formation of favorable contacts between this region and UL18, thereby contributing to a lower affinity for the viral ligand. In contrast, both receptors bind class I MHC proteins with similar (mM) affinities, and it may be that energetically significant contacts with this region are enhanced in the UL18-LIR-1 interaction relative to class I MHC interactions with either LIR-1 or LIR-2, where they may be either minimal or absent. Crystal structures of either receptor in complex with UL18 or class I MHC should help resolve some of these issues.
Materials and Methods
Protein expression
PCR was used to amplify the sequence encoding domains 1 and 2 of LIR-2 (residues 1-198 of the mature protein) from cDNA kindly provided by David Cosman. LIR-2 D1D2 was expressed in E. coli from the pET23a vector, purified from inclusion bodies essentially as described [26] , and solubilized in 8 M Guanidine Hydrochloride, 50 mM Tris pH 8.0. Solubilized protein was renatured by dilution into a standard refolding buffer (400 mM L-Arginine, 100 mM Tris, 10 mM EDTA, 0.5 mM reduced Gluathione, 5 mM oxidized Glutathione, pH 8.3). The final concentration of protein was approximately 50 mg/ml. Renatured protein was concentrated, then purified by size exclusion chromatography using a Pharmacia Superdex 200 column, into 150 mM NaCl, 20 mM Tris pH 8.0). Purifed protein was concentrated and quantified by absorption measurements at 280 nm. An extinction coefficient (280 nm) for LIR-2 of 46785 M -1 cm -1 was calculated using the method of Pace et al [27] .
Crystallization, data collection and processing
All crystals were grown at 23°C. Initial microcrystals of LIR-2 were obtained by vapor diffusion in 1:1 ml hanging drops of 6.1 mg/ml protein equilibrated with a reservoir solution of 0.1 M Hepes pH 7.5, 10% Isopropanol, 20% PEG 4 K. Crystals of a quality sufficient for data collection were obtained by streak seeding from existing crystals into 5:5 ml sitting drops of 1.9 mg/ml protein equilibrated overnight with 50 mM MES pH 6.5, 5% Isopropanol, 10% PEG 4000, using a chinchilla whisker. A 1.8 Å native data set was collected at 100 K from a single crystal using a Quantum CCD Reseach Detector at the Stanford Synchrotron Radiation Laboratory beamline 9-2 (l = 0.999 Å). The crystal was soaked in cryoprotectant solutions consisting of mother liquor incorporating 8.5%, 17% (10 minutes each), and then 25% Ethylene Glycol (30 minutes), prior to immersion in liquid nitrogen. Diffraction due to ice formation was reduced significantly by the use of flash annealing [28] . Data were processed and scaled using DENZO and SCALEPACK [29] .
Structure solution, refinement and analysis
The structure of LIR-2 D1D2 was solved by molecular replacement using AmoRe [30] . A rotation and translation function was found using the 1.8 Å LIR-2 data set and the 2.1 Å structure of LIR-1 D1D2 as the search model (correlation coefficient 35%, R factor 49%). Rigid body refinement (20-4 Å) resulted in an R cryst of 47% and an R free of 49%. Solvent flattened maps calculated to 2.5 Å were used for initial rebuilding. Anisotropy and bulk solvent corrections were applied and the model partially refined using individual temperature (B) factors with CNS [31] (R cryst = 31%, R free = 32 %), after which cycles of real space and reciprocal space refinement were carried out, followed by addition of water molecules in the final stages of refinement. Residues at the N terminus of the fragment (1-2) and within two loops (42-46 and 136-141) are not seen in the electron density and were omitted from the model, and side chains for residues 3, 11, 47, 51, 56, 57 and 166 and 167 are disordered and were truncated to alanines. Disulphide bonds are observed between residues 26 and 75, 121 and 173, and 133 and 143. For analysis of interdomain angles, contacts and buried surface areas, D1 was defined as residues 1-97 and D2 was defined as residues 98-197, as for LIR-1 [12] . Interdomain contact residues were identified using the program CONTACT [32] , and defined as residues containing an atom within 3.6 Å of the partner domain. Buried surface areas were calculated using SURFACE [32] with a 1.4 Å probe radius. Interdomain angles were calculated using the program Dom_angle [33] , which determines the angle between the long axes of adjacent domains that are approximated by ellipsoids calculated from the coordinates. Figures 2 and 3 were prepared with Molscript [34] and Raster3D [35] .
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